Abstract-The effect of an aqueous solution of hydrated C 60 fullerene (HyFn) on the growth and "stationary phase aging" (accumulation of "age related" changes in cultured cells during the slowing down of their pro liferation within a single passage and the subsequent "aging" in the stationary phase of growth) of transformed B11 dii FAF28 Chinese hamster cells was studied. The final calculated concentration of HyFn in the growth medium was 10 ⎯19 M. A paradoxical result contrasting the available data on the absence of HyFn cytotoxicity at higher concentrations was obtained in our experiments: namely, HyFn decelerated cell proliferation (esti mated by the growth of mass culture, as well as by the efficiency of colony formation) and accelerated the "stationary phase aging" of the cell culture. Moreover, repeated addition of an aqueous solution of HyFn (to the final calculated concentration of 10 -19 M) to the cells that had already reached the stationary phase of growth caused a rapid (within no more than 24 h) death of a significant part of the cell population. The observed effect of HyFn at ultralow concentration is supposed to arise from the alterations in the properties of the water surrounding the fullerene molecule: namely, water becomes a donor and acceptor of electrons and regulates redox processes (especially those involving oxygen) in aqueous systems. This effect of HyFn at an ultralow concentration may be specific for transformed cells, and, therefore, experiments on normal fibro blasts with limited mitotic potential are planned as a continuation of the present study. It is also possible that the reported antiaging effect of HyFn in experimental animals is due to its anticancer, immunostimulatory, antiviral, and antibacterial properties manifested only at the whole organism level.
Fullerenes, of which C 60 fullerene is the most typ ical representative, have a wide range of biological activities. Since pristine fullerenes are extremely hydrophobic, different approaches are used to obtain their aqueous solutions. An efficient method of obtaining true solutions of pristine C 60 fullerene with out adding any solubilizing or stabilizing agents was proposed by G.V. Andrievsky et al. [1] . These solu tions, referred to as FWS (Fullerene Water Solutions) by the authors, contain individual hydrated fullerene (HyFn) molecules, i.e., individual C 60 molecules cov ered by a stable shell of water molecules [2] . Similarly to most fullerenes subjected to chemical modification to improve their water solubility, HyFn does not show any signs of toxicity even at the highest doses [3, 4] . Studies of the biological activity of HyFn and its chemically modified analogs have shown that these compounds possess antiviral, antiamyloid, antialler gic, antitumor, hepatoprotective, and antiatheroscle rotic effects; moreover, they stimulate the immune system [3, [5] [6] .
One of the most striking effects of fullerenes is their effect on the lifespan of mice and rats. For example, researchers from the United States reported in 2008 that the life expectancy of mice increased by 11% (the increase was statistically significant) due to consump tion of soluble tris malonic derivative of C 60 fullerene [7] . Oral administration of pristine C 60 fullerene solu tion in olive oil was recently reported to cause an almost twofold increase in life expectancy of rats com pared to that of control animals [6] .
The data mentioned above imply that fullerenes have a marked beneficial effect on living organisms, showing no toxicity even at high concentrations. On the other hand, the study of the effect of pristine and modified fullerenes on cultured cells yielded ambigu ous results. For instance, pristine C 60 fullerene was not toxic to cultured normal and transformed human cells at doses up to 0.2 mg/mL [8] . On the other hand, apoptosis induction in three different mouse tumor cell lines by modified water soluble fullerenes under illumination was reported [9] . C 60 fullerene was also found to accelerate the rate of transformed T cells death triggered by UV or visible light, while normal thymocytes were not affected; the effect was dose dependent in the 25-100 μM range of fullerene con centrations [10] .
Both pristine C 60 fullerene (for example, HyFn) and its derivatives exhibit peculiar reactivity in aque ous media: on the one hand, they can be considered strong antioxidants [11] , on the other hand, they can act as oxygen activators, i.e., prooxidants [9] , and in general, they regulate free radical reactions. Such activity of fullerenes is catalytic in nature. HyFn at very small [13] and ultralow concentrations may affect biochemical processes [12] and free radical reactions occurring in vitro. We discovered the effect of vanish ingly small concentrations of HyFn (down to 10 -19 -10 ⎯21 M) on the activity and stability of a number of enzymes in aqueous solutions, as well as on free radical processes in whole human blood and in aqueous bicar bonate solutions [14] .
In the present study, we examined the effect of HyFn on cultured transformed Chinese hamster cells using several model systems developed by us during the past few decades for the cytogerontological studies of potential anti aging compounds and promoters of aging in order to elucidate the possible cytological mechanisms underlying the above named manifesta tions of the biological activity of fullerenes [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
MATERIALS AND METHODS
Aqueous stock solution of HyFn (C60FWS) at a concentration of 14.4 mg/mL (20 μM) was purchased from the developer and manufacturer (Institute of Physiologically Active Compounds, Kharkiv, Ukraine). The solution contained HyFn obtained by the method developed by G.V. Andrievsky et al. [25] . Non sterile primary solutions with a concentration of 0.1 μM HyFn were prepared from this solution using deionized water. HyFn primary solutions and distilled water for subsequent dilutions were sterilized by auto claving.
The effect of ultralow HyFn concentrations (cal culated concentration of 10 -19 M) on cultured cells was assayed after addition of an aliquot of HyFn solu tion (calculated concentration of 10 -17 M) corre sponding to 1/100 of the total culture medium volume to the cell culture medium. The HyFn solution was obtained from the sterile primary solution by sequen tial 100 fold dilutions: namely, 30 μL of sterile 10 -7 M HyFn solution and 3 mL of sterile water were mixed, shaken, and left for 30 minutes at room temperature. The same procedure was repeated for each dilution until a sterile 10 -17 M aqueous solution of HyFn was obtained. These serial dilutions were always performed 1 day before the experiment (the final 10 -17 M solution was stored at 4°C).
For the whole human blood biochemilumines cence assay, 10 mL of venous blood were drawn from healthy donors and collected in plastic vials contain ing 0.1 mL of heparin solution (equivalent to 1000 ME). Blood was obtained between 9:00 and 10:00 a.m. and used not earlier than 1 hour and not later than 3 hours after collection. During this period, the blood was stored in plastic tubes in the dark at 20-25°C. Biochemiluminescence was measured on a Biotoks 7A chemiluminometer (NPO "Engineering Center Ecology," Russia) equipped with a 9750QB/1 photomultiplier (EMI Electronics, United States) with a photocathode 5 cm in diameter (dark current ca. 25 counts/s, spectral sensitivity range 380-710 nm, maximum sensitivity at ca. 450 nm). A 5 μL aliquot of 10 -17 M HyFn solution or saline was added to 200 μL of blood in an Eppendorf tube, the mixture was incubated for 3 min, and 10 μL of lucigenin (N bis methylacridonium nitrate, Sigma, United States) solution in distilled water were added to the mixture (to the final concentration of 50 μM). Luminescence registration was started immediately and continued for 300 s. Luminescence intensity was measured in counts per second with one second intervals.
Transformed Chinese hamster cells (B11 dii St. Petersburg, Russia), penicillin (100 U/mL), and streptomycin (100 μg/mL). To maintain the culture, the cells were subcultivated at a ratio of 1 : 10-1 : 3 every 3-4 days. Cells were dissoci ated from the flasks by a 1 : 1 mixture of 0.02% Versene and 0.25% trypsin solutions (Ivanovsky Institute of Virology, Russian Academy of Medical Sciences, Moscow, Russia).
Preliminary assessment of cytotoxic or mitogenic properties of HyFn at ultralow concentrations (ULCHyFn) was performed as follows: 2-3 day old cells (i.e., cells grown without subcultivation for 2-3 days) were seeded in hermetically sealed penicillin vials (surface area 2.83 cm 2 ) with a density of approx imately 40 000 cells/cm 2 (1 mL of suspension in cul ture medium consisting of 90% DMEM and 10% BS per vial). Culture suspensions in some vials were sup plemented with 10 μL of HyFn solution, so that the final HyFn concentration equaled 10 -19 M. Distilled water (10 μL per 1 mL of medium) was added to the control vials. HyFn and water were added after 1.5 h of incubation at 37°C. The vials were placed into an incubator (37°C) for 4-5 days, and then the cells were removed from the growth surface by a mixture of Versene and trypsin solutions and counted using hemocytometers (5-6 vials per point, 4 chambers per vial). Encrypted identifiers were assigned to all the vials before counting.
The effects of HyFn on the growth kinetics of cells and on cell dying out in the stationary phase of growth were analyzed in 5 day old cells. The cells were removed from the surface of a Carrel flask by a mixture of Versene and trypsin solutions and resuspended in growth medium (90% DMEM and 10% BS). The suspension was diluted with medium to the required cell concentra tion and placed into 120 hermetically closed penicillin vials in 1.5 mL aliquots (vial surface area 4.15 cm 2 , seeding density approximately 40000 cells/cm 2 ). Vials were placed into a 37°C incubator. The cells of four vials were removed from the bottom by a mixture of Versene and trypsin solutions 1 day after seeding and counted with hemocytometers in order to determine the density of adherent cells. After a certain period of time, groups of four vials were removed from the incu bator and the cells were removed from the growth sur face with a mixture of Versene and trypsin, suspended in serum free growth medium, and counted using four hemocytometer chambers per vial. Encrypted identi fiers were assigned to all vials before counting.
On the 7th day after seeding, an aliquot (15 μL) of HyFn solution was added to half of the remaining vials to a final concentration of 10 -19 M, the same volume (15 μL) of distilled water was added to the other half, and the cultivation of cells was continued. Groups of three control vials and three test vials were regularly removed from the thermostat, and the number of cells was evaluated according to the procedure described above.
On the 16th day after seeding, an aliquot (15 μL) of HyFn solution was added to nine of the remaining control vials to a final concentration of 10 -19 M, and the same volume (15 μL) of distilled water was added to the other nine control vials. Moreover, an aliquot (15 μL) of HyFn solution was added to nine of the experimental vials to a final concentration of 10 -19 M. All vials were returned to the thermostat and the culti vation of cells was continued. Groups of 2-3 vials of each series were periodically removed from the ther mostat, and the number of cells in the vials was evalu ated according to the scheme described above.
At the very end of the experiment (42 days after seeding), when there were only three experimental (single addition of HyFn) and two control (single addition of water) vials left, cells for counting were sampled under sterile conditions and resuspended in fresh growth medium with BS, and the vials with the remaining 1.5 mL of suspension were returned to the incubator. After 4 days of cultivation, the number of cells in each of the five vials was counted according to the standard procedure.
For the assessment of the effect of HyFn on col ony forming efficiency, 2 day old cells were removed from the surface of a Carrel flask with a mixture of Versene and trypsin solutions, and the suspension obtained was diluted first in regular growth medium with BS, and then (for the final dilution) in a medium consisting of 90% DMEM and 10% fetal calf serum (FetalClone ® III, HyClone, United States) to the desired concentration of cells. Afterwards, aliquots (2.5 mL) of the suspension were transferred to 10 plas tic 35 mm Petri dishes (Nunclon TM , Nunc, Denmark) (250 cells per dish). The dishes were placed in an incu bator (37°C, 5% CO 2 ). After 1.5 h of incubation, 25 μL aliquots of HyFn solution were added to 5 dishes to a final HyFn concentration of 10 -19 M and the same volume of distilled water was added to the other 5 dishes (control). Then the dishes were returned to the thermostat. The dishes were removed after one day of cultivation, and the cell colonies were fixed with 75% ethanol (7 min), stained with a 0.1% aqueous solution of methylene blue (3 min) and air dried. The number of cells in the colonies formed on each dish was determined using a microscope.
The colony size distribution was designed by divid ing the results into 17 classes according to the number of cells in the colony: 1-15, 16-31, 32-47…240-255, and 256 and more. Therefore, the sizes of all classes, except the first and the last, were identical (namely, 16 cells). Weighted average number of the class (WANC) for each distribution was calculated according to the formula where i is the number of the class, n is the number of the classes, C i is the number of colonies in the class i, and M is the total number of colonies. The lower WANC, the smaller is the proportion of large colonies in the population. The use of this parameter allows of the evaluation of subtle changes in cell proliferative activity, even at constant colony forming efficiency (CFE).
CFE was calculated according to the formula where N is the number of cells seeded and K is the number of colonies formed. Mathematical calculations and statistical process ing of the results were performed using Microsoft Excel 2007 and SigmaPlot 12.
RESULTS AND DISCUSSION
The data presented in Fig. 1 show that the increase of lucigenin dependent biochemiluminescence of blood is not affected by the pretreatment (namely, autoclaving or omission of autoclaving) of 10 -7 M HyFn stock solution used to prepare ULCHyFn solu tion by serial dilutions. Therefore, we concluded that autoclaving of the stock solution does not affect the biological activity of ULCHyFn, and used the auto claved stock solutions in the subsequent cytological experiments.
However, autoclaving and dilution of the stock solution were always performed one day before the experiment, since autoclaved HyFn solution was
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In preliminary studies performed to characterize cytotoxic or mitogenic properties of ULCHyFn, we examined the effect of 10 -19 M HyFn added 1.5 h after seeding on the proliferative activity of cells. Choice of this concentration was based on results of experiments in several model systems that demonstrated the activ ity of HyFn at this concentration [14] . Unexpectedly, ULCHyFn showed obvious cytotoxicity in our exper iments: cell density in the test vials was significantly (p < 0.05) lower than in controls 4-5 days after seeding.
Consequently, it was interesting to elucidate the mechanism of ULCHyFn effect on the "aging" of cul tured cells in the stationary phase of growth (for a detailed description of the model system, see [16, 19 22] ). The above mentioned results of preliminary experiments suggested that ULCHyFn might acceler ate this process instead of decelerating it (although the latter could be justified, taking into account the large volume of published data discussed in the introduc tion). Results of the investigation of the effect of HyFn at the calculated concentration of 10 -19 M on the kinetics of dying out of transformed Chinese hamster cells in the process of "stationary phase aging" are shown in Fig. 2 ; the model system implies the similar ity of changes undergone by the cultured cells restricted in proliferation due to contact inhibition and by the cells in an aging organism.
ULCHyFn addition on the seventh day of cultiva tion drastically accelerated the "stationary phase aging" process, this being indicative of an increase of the "biological age" of the cells. Moreover, repeated addition of HyFn aqueous solution to the calculated concentration named above to the cells which had been in the stationary phase of growth for a consider able time (on the 16th day of cultivation) also caused rapid (within no more than 24 hours) death of a part of the cell population.
Seeding of 42 day old cells into fresh medium showed that the proliferative capacity of the culture varies greatly at this "age" both in control and in experimental vials; however, the number of dividing cells in the control vials was obviously higher.
Finally, the data presented in Fig. 3 show that the viability of the cells studied, defined by their capacity for colony formation (by CFE and WANC parame ters), decreases in cells exposed to HyFn at the calcu lated concentration of 10 -19 M.
The observed features of ULCHyFn action are pre sumably due to the specific properties of water sur rounding the fullerene molecule, in particular, its abil ity to serve as a donor and acceptor of electrons, regu lating redox processes in aqueous systems, including the processes involving oxygen. This action of ULCHyFn may be specific for transformed cells only, and, therefore, we plan to repeat the experiments on normal fibroblasts with limited mitotic potential. It is also possible that the anti aging HyFn effect identified by other researchers in experiments on animals is due to its anticancer, immunostimulatory, antiviral, and antibacterial properties manifested only at the whole organism level.
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